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This work presents a systematic study of bubbling synchronicity and frequency for 
bubble formation at multiple (two to six) orifices. In addition, a simple mathematical 
model is proposed to predict bubble frequency and bubble size in synchronous multi-
orifice bubbling. Experimental results under various conditions are compared with the 
model predictions. 
 
High speed video images were applied to visualize bubble formation at the multiple 
orifices. A highly sensitive dynamic pressure transducer was employed to record the 
instantaneous pressure fluctuations in the gas chamber and time-pressure signals were 
used to obtain bubble frequency via Fourier transform.  
 
Regimes of synchronous, alternative and unsteady bubbling were clearly identified, and 
the effects of orifice spacing and liquid depth on bubbling synchronicity and frequency 
were studied. It is found that the degree of synchronicity generally decreases at high gas 
flowrates due to the onset of unsteady bubbling. Both the orifice spacing and liquid depth 
can affect the bubbling synchronicity via liquid pressure effects due to bubble-to-bubble 
interaction, coalescence and the wake pressure of preceding bubbles.  
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The modified theoretical model for predicting synchronous bubble frequency in multi-
orifice bubble formation works well. The predicted values of frequency under a variety of 
operating conditions agreed within ±15% with experimental data in the highly 
synchronous bubbling regime. These results should provide a sound basis for further 


















Symbol        Description                                                                                               Unit 
 
  
a    bubble radius                                                                                                  m 
A                 orifice area                                                                                                     m2                  
b          thickness of plate                                                                                            m 
oB                Bond number, ( σρ /20 gdB lo = )                                                dimensionless 
c          sound velocity in the gas                                                                            m.s-1 
od          orifice diameter                                                                                               m 
GC          orifice coefficient for gas flow                                                    dimensionless  
D                 diameter of gas chamber                                                                                 m 
f                  bubble frequency                                                                                           s-1 
'f              fanning friction factor                                                                 dimensionless 
rF                 Froude number, ( gdVF gr 0
2 /= )                                               dimensionless 
g              acceleration due to gravity                                                                         m.s-2 
H              liquid height                                                                                                    m 








ρρ −=                                    dimensionless 
'




gVN ρ='                                              dimensionless 
                                                                                                                                          x                           
ReN              Reynolds number, gg dQN µπρ 0Re /4=                                      dimensionless 
wN                gas flow rate number                                                                  dimensionless 
orN                number of orifices                                                                      dimensionless 
bP           bubble pressure                                                                                             Pa 
cP           chamber pressure                                                                                          Pa 
cDETP  chamber pressure at bubble detachment                                                       Pa 
orP  liquid pressure at orifice                                                                               Pa 
sP  static pressure at orifice                                                                                Pa 
woP           wake pressure at orifice                                                                                Pa  
Q           average gas injection rate to the chamber                                                m3.s-1 
q                  average gas flow rate through each orifice                                               m3.s-1 
s           spacing                                                                                                           m 
ors  the perpendicular distance between bubble center and orifice                      m 
or           orifice radius                                                                                                  m 
t                    time                                                                                                                 s 
ft           bubble formation time                                                                                     s 
wt           waiting time                                                                                                     s 
T           time during waiting                                                                                         s 
U  bubble vertical rising velocity                                                                   m.s-1 
lU  uniform liquid cross-flow velocity across orifices                                    m.s
-1 
BV           bubble volume                                                                                              m
3 
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cV           chamber volume                                                                                           m
3 




Symbol        Description                                                                                               Unit 
 
γ                   adiabatic exponent                                                                     dimensionless 
gµ  gas viscosity                                                                                       kg.m-1.s-1                 
σ           surface tension                                                                                         N.m-1 
gρ           gas density                                                                                              kg.m-3 
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CHAPTER 1     INTRODUCTION 
  
 
1.1 Background   
 
The dispersion of gas bubbles in liquids plays an important role in bringing about 
efficient mass and heat transfer between the two phases. Important devices include 
bubble columns and sieve plate columns, in which bubbles are generated by introducing a 
stream of gas through orifices into the liquid phase. Investigations on bubble formation 
mainly concern bubble frequency, size, shape, the influence of wake pressure of 
preceding bubbles and liquid weeping accompanying bubble formation and detachment. 
 
As a fundamental phenomenon, bubble formation at a single orifice has been widely 
studied, although it is not in wide use practically. Numerous theoretical models have been 
developed in order to predict bubble size, shape, frequency and rising velocity in single 
orifice bubbling. On the other hand, some experimental studies of bubble formation from 
industrial perforated plates have been undertaken. 
 
However, few studies have addressed the case of multiple orifices as an extension of 
single orifice bubble formation. There is a relative lack of fundamental understanding to 
link a comprehensive body of knowledge on single orifices to industrial multi-orifice 
distributors. For example, it is fairly obvious that even for two-orifice bubbling, bubble 
sizes formed when both orifices are bubbling simultaneously would be different from the 
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case when the orifices are “out of phase”. The degree of complexity would rise rapidly 
for three and more orifices. Therefore, the prediction of bubbling frequency and bubble 
sizes for multi-orifice bubbling becomes a more difficult task when compared with single 
orifice bubbling.    
 
1.2 Objective of this work   
 
The motivation for this work is to systematically study bubbling synchronicity and 
frequency for bubble formation at multiple orifices. Two main objectives are: 
 
1. Experimentally study bubbling synchronicity and frequency for bubble formation 
at two orifices. In particular, clarify the different modes with respect to 
synchronous, alternate and unsteady bubbling regimes with operating parameters 
of gas flowrate, orifice spacing and liquid height.  
 
2. Propose a simple mathematical model to predict bubbling frequency in 
synchronous multi-orifice bubbling. Compare the theoretical predictions of 
bubble frequency and average radius with experimental data for various gas 
chamber volume and number of orifices respectively.  
 
It is hoped that the study would increase our understanding of the factors affecting 
synchronicity and frequency in multi-orifice bubbling. The theoretical model is also 
                                                                                                                                         Introduction 
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expected to be able to predict bubbling frequency, bubble radius, and gas chamber 




This thesis is organized to address the study of bubble formation at multiple orifices both 
experimentally and theoretically.  
 
Chapter 2 reviews experimental and theoretical research into bubble formation at single 
orifices, which represents the fundamental phenomenon in bubble formation. Important 
physical factors affecting bubble formation will be also reviewed in this chapter. In 
addition, previous work on multiple-orifice bubbling will be discussed. 
 
Chapter 3 presents a mathematical model, which is a simple extension of a recently 
developed single-orifice model. This new model should be able to predict bubble 
frequency, bubble volume and gas chamber pressure under specified conditions for 
multiple orifices.   
 
Chapter 4 describes the experimental apparatus used in this work.  Measurement 
techniques, experimental conditions and procedures will also be summarized in this 
chapter. 
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Results and discussion are presented in Chapter 5. Various bubbling modes at two-orifice 
will be described. Factors influencing the bubbling synchronicity and frequency will be 
addressed. In addition, the comparison between theoretical predictions and experimental 
results will be also addressed.  
 
Conclusions from the experimental study on bubbling synchronicity and theoretical 
predictions of bubble frequency, bubble radius and gas chamber pressure are summarized 
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CHAPTER 2     LITERATURE REVIEW 
 
 
The performance of any gas-liquid contacting system mainly depends on a 
combination of the system geometrical configuration, operating procedures and 
properties of the gas and liquid phases. It is very important that the effect of each 
parameter is well understood so that such devices as sieve tray columns could be 
reliably and efficiently designed and controlled. For the past several decades, 
important research on bubble formation at a single orifice and on perforated plate 
bubbling has been conducted, and results of primary practical importance have been 
achieved with respect to the influence of each parameter. Studies on bubble formation 
at multiple orifices (meaning two to, say, ten) have been relatively scarce, despite the 
obvious need to relate the results from single-orifice investigations to industrial multi-
orifice trays. 
 
The review is composed of there sections. Section 2.1 presents a general description 
and discussion of bubble formation at single submerged orifice, which includes an 
introduction of bubbling regimes, influence of various parameters on gas-liquid 
interaction and theoretical development. Section 2.2 reviews the literature pertinent to 
bubble formation at multiple orifices, both experimentally and theoretically. Finally, a 
brief summary of this review is presented in section 2.3. 
 
2.1 Bubble formation at single orifice 
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2.1.1 Bubbling dynamics 
 
Volumetric gas flowrate into the gas chamber is a conveniently accessible control 
parameter in industrial gas-liquid contacting systems. It is evident that low gas 
flowrates lead to ineffective mass and heat transfer (Türkoğlu and Farouk, 1990), 
while a highly elevated gas flow rate, resulting in an increased gas momentum, can 
cause bubble formation to take on a very irregular behavior and affect mass and heat 
transfer consequently (Rennie and Smith, 1965). Based on the gas flow rate, bubbling 
regimes can be divided into static, dynamic and jetting regimes. 
 
2.1.1.1 Static regime 
 
The static bubbling regime occurs under the condition where only bubble buoyancy 
and surface tension play significant roles and there is equality between these two 
forces throughout the bubble formation. The gas flow rate in this regime is normally 
very low (<1 cm3/s) (Van Krevelen and Hoftijzer, 1950) and bubble volume remains a 
constant value at the detachment.  The bubble volume can be calculated as follows: 








−=                                                (2.1) 
where lρ  and gρ  represent the liquid density and gas density respectively, g the 
acceleration due to gravity, σ  the surface tension and d0 the orifice diameter. 
Conditions for constant bubbling volume normally occur when a dimensionless 
Reynolds number ReN  ( gg dQN µπρ 0Re /4= ) less than 100, where Q is the 
volumetric gas flowrate into the gas chamber and gµ  is the gas viscosity. 
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2.1.1.2 Dynamic regime 
 
 In the most realistic conditions, the gas flow rate is much higher and both bubble 
volume and frequency change with an increase in gas flow ( ReN >100). This regime is 
called Dynamic regime. Bubbling mode becomes much complicated and is further 
divided into six bubbling patterns (McCann and Prince, 1971).  
 
I. Single bubbling: Bubbles grow successively and discretely and there is 
no significant interaction between any two bubbles. This regime occurs 
under the conditions of low gas flow rates and small chamber volumes. 
 
II. Pairing: The phenomenon occurs at large gas chamber volumes and 
higher gas flow rates. The detachment of the bubble can cause an 
intermediate formation of an elongated gas tube due to the remaining 
pressure difference between chamber pressure and orifice pressure at 
the moment of the detachment. The gas tube then quickly elongates 
and joins with the bubble, connecting it momentarily with the orifice. 
After this tube breaks rapidly at the orifice and move into the 
preceding bubble, weeping of the liquid through the orifice may be 
observed. 
 
III. Double bubbling: It occurs only at high gas flow rates or low chamber 
volumes. The second bubble is sucked into the preceding one due to a 
wake force caused by it and then two bubbles merge together and rise 
as one. The phenomenon is similar with pairing except that the second 
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bubble cannot be regarded as a tube since its size is almost same with 
the preceding bubble. Weeping may occur between two bubbles. 
 
IV. Double pairing: Similar with behavior of the double bubbling except 
that each is a pair.  
 
V. Single bubbling with delayed release: The bubbling pattern is very 
similar with pairing except that there is no clear separation between the 
first bubble and the small gas tube.  
 
VI. Double bubbling with delayed release: The bubbling behavior is very 
similar to single bubbling with delayed release except that there is also 
double bubbling as a following sequence behind each single delayed 
release behavior.   
 
In particular, MaCann and Prince (1971) compared the phenomena of pairing and 
double bubbling, as shown in Table 2.1.  
 
Table 2.1 Comparison of “pairing” and “double bubbling” (adapted from McCann and 
Prince (1971)).  
 
Pairing Double bubbling 
 
Large chamber volumes 
Bubbling with a “tail” 
No weeping between the bubble 
and the formation of its “tail” 
 
Small Chamber volumes 
Two distinct bubbles 
Weeping may occur between the two 
bubbles 
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Figure 2.1 shows the state diagram of McCann and Prince (1971) for a 9.4 mm orifice 
in an air-water system. The conditions were summarized under which each of six 












Figure 2.1 Bubbling state diagram of McCann and Prince (1971) for a 9.4 mm orifice 
in an air-water system 
 
 
2.1.1.3 Jetting regime 
 
With increasing gas flow rates, bubbling regime loses its stability. Bubbling is 
characterized by the onset of rapid sequential formation of bursts. This regime is 
called “jetting regime”. The phenomenon of jetting normally occurs at higher 
Reynolds numbers ( ReN >2000) (McNallan and King (1982)). 
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2.1.2 Physical factors affecting bubble formation 
 
Many factors have been investigated to be expected to influence the bubble formation 
at a single orifice (Jackson, 1964). The following subsections will review the 
knowledge on components of the gas-liquid system and their effect on the bubble 
formation. 
 
2.1.2.1 Chamber volume 
 
Gas chamber volume plays an important role in gas-liquid contacting system. Two 
regimes are defined depending on the gas chamber volume: constant flow and 
constant pressure.  
 
Constant flow conditions occur in small gas chamber volume systems, corresponding 
to large hole pressure drop due to either high gas flow rates or large hole resistance. 
The changes in the gas chamber or bubble pressure have relatively a small effect on 
the pressure drop.  The gas flow rate tends toward a constant value.  
 
The occurrence of constant pressure arises for a large chamber volume and fixed 
chamber pressure (Kupferberg and Jameson, 1969; Park et al., 1977). Under such a 
condition, the pressure fluctuation due to the bubble formation and detachment is 
small. Therefore the chamber pressure remains virtually constant. 
 
Hughes et al. (1955) developed a dimensionless capacitance number Nc from an 
electrical equivalent to the injection system: 
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ρρ −=                                                (2.3) 
where cV  is the gas chamber volume, A is the area of the orifice and c is the velocity 
of sound in the gas. Hughes et al. postulated that Nc=0.85 is the critical value to 
describe the gas chamber effect. When Nc<0.85 the bubble volume is found to be 
nearly independent of chamber volume.  
 
Tadaki and Maeda (1963) also proposed a dimensionless capacitance number Nc’ for 
constant volume bubbling as: 




gVN ρ='                                                     (2.4) 
where Ps is the static pressure at the orifice. If lρ » gρ  and sc PP ≅ , cN is equal to 
γ ′cN , where γ  is the specific heat ratio of gas (Tsuge and Hibino, 1983).   Tadaki 
and Maeda (1963) found that bubble volumes scaled by a factor of Nc’ for Nc’>1.0 to 
an upper limit where the volumes became constant at Nc’=9.0. The upper limit was 
found to be more accurately defined as a “flattening out” in bubble volume curve by 
Park et al. (1977). Fig. 2.2 illustrates that the linear domain of the bubble volume plot 
extends to a higher chamber volume as the orifice diameter is increased.  
 
2.1.2.2 Orifice diameter 
 
Orifice diameter is an important parameter which can significantly affect the 
formation of bubbles in gas-liquid contacting systems. The effect depends on  
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Figure 2.2  The results of Park et al. (1977) shows that the upper limit can be more 
accurately defined as a ‘flattening out’ in the bubble volume curve.  
 
 
bubbling regimes as well as bubble formation conditions. In the static regime, the 
volume of the bubble is proportional to orifice diameters as shown in the equation 
(2.1). In the dynamic regime, the effect of orifice diameter becomes more 
complicated. For the constant flow condition ( 0→cV ), orifice diameter is not an 
important factor as it has a relatively small impact on the pressure drop through the 
orifice. However, for the constant pressure condition ( ∞→cV  ) and intermediate 
conditions, orifice size is a very important factor as the gas flow rate through the 
orifice is proportional to the cross sectional area. Additionally, a larger orifice 
diameter also gives rise to a larger line tension force at the gas-liquid-solid interface, 
increasing resistance to bubble detachment and therefore resulting in a larger bubble 
volume (Mittoni, 1997). In the turbulent regime, bubble volume is independent of 
orifice diameter and depends on the stochastic break-up of the gas jet.  
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2.1.2.3 Liquid Depth 
 
Liquid depth is another important factor to affect the bubble formation in gas-liquid 
contacting systems. Davidson and Amick (1956) and Hayes et al., (1959) found that 
the formation of bubbles appeared to be independent of liquid depths when the liquid 
depth was greater than approximately two bubble diameters. However, Khurana and 
Kumar (1969) stated that only under constant flow and constant pressure conditions, 
bubble volumes were not significantly influenced by the liquid depth.  While for the 
intermediate condition, bubble volumes were observed to decrease exponentially with 
the increase of liquid depths from 15 cm to 128 cm for orifice diameter 3 mm. Iliadis 
et al (2000) investigated the influence of the liquid depth on the bubble formation for 
various orifice diameters and gas chamber volumes in the single bubbling region. 
They found for the range of orifice diameters from 1.15 to 4.35 mm and chamber 
volume from 150 to 7000 cm3, the bubble volume increase with the increase of the 
liquid depth in the range of 10 to 150 cm. 
 
2.1.2.4 Liquid properties 
 
Liquid viscosity is considered as an important factor having appreciable impact on the 
bubble formation and detachment. It is generally accepted that viscosity affects the 
bubble volume insignificantly at lower gas flow rates and lower liquid viscosities; 
while at large gas flow rates and high viscosities, the viscosity effects on bubble 
volumes become significant due to high drag force to retard upward acceleration of 
the bubble. Miyahara et al. (1983) investigated the effects of liquid viscosities on 
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bubble formation both experimentally and numerically. The orifice diameters ranged 
from 1.0 and 3.0 mm and liquid viscosities ranged from 0.001 to 0.147 kg/m·s. The 
modeling considered injection Reynolds numbers up to 18,000. The experimental 
results showed that larger viscosities can cause larger bubble volumes because it can 
decrease bubble rise velocity, allowing more gas to enter the bubble before 
detachment. Terasaka and Tsuge (1990) developed a mathematical model based on a 
non-spherical model of Pinczewski (1981) to investigate the effect of viscosities in the 
motion of the bubble. Agreement with experimental data from their own study as well 
as other researchers is close for liquid viscosities between 0.001 and 1.1 kg/m·s under 
atmospheric conditions.  
 
Besides viscosity, liquid density is also a parameter studied by many researchers in 
terms of its effects on bubble formation. Equation 2.1 illustrates the effect of the 
liquid density on bubble volume for static conditions. In general, higher liquid density 
causes higher bubble buoyancy which forces the bubble to detach with a smaller 
volume if surface tension force remains constant. Davidson and Schüler (1960a) 
concluded that liquid density has insignificant effects on the bubble volume at high 
gas flow rates because the increase in relative liquid inertia retards the increase of 
buoyancy. Meanwhile, a higher liquid density could increase the pressure gradient 
during bubble formation, resulting in increased gas flow rates into the bubble. 
McCann (1969) also suggested that the pressure at the orifice which depends on the 
liquid density determines the gas flow into the bubble. These evidences of the weak 
dependence on density might be due to the low chamber volumes used by many 
researchers, thereby restricting their studies to constant gas flow conditions.  
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2.1.2.5 Gas properties 
 
It is generally accepted that gas density, pressure and heat capacity can influence 
bubble formation. While molecular weight of gas is considered to have a weak 
negative impact on the bubble volume in the gas-liquid contacting system. Davidson 
and Schüler (1960a) found that bubble volume decreases 1.8% when changing the gas 
from air to carbon dioxide for a gas flow rate of 17 ml/s under constant flow 
condition, owing to difference of the gas momentum caused by different gas densities.  
La Nauze and Harris (1974) showed experimentally that the gas density has a 
significant impact on the gas momentum and the capacity of the gas chamber by 
increasing the pressure in the gas phase of carbon dioxide up to 2.0 MPa. The 
experimental results showed to be in good agreement with the mathematical model 
proposed by La Nauze and Harris (1974). Tsuge and Hibino (1983) stated that the 
specific heat ratio of gas (γ ) also affects bubble volume depending on the 
dimensionless capacitance number 'cN . When 
'
cN  is small, bubble volumes are 
affected mainly by the specific heat ratio of the gas, but when 'cN  is large, they are 
affected strongly by gas density. Wilkinson and Van Dierendonck (1994) found that 
an increase of gas density for large chamber volumes can lead to a smaller bubble at 
formation due to an increase in gas momentum, an increase in pressure drop at the 
orifice and due to an increased rate of bubble necking.  
 
The viscosity of the injection gas is generally expected to have insignificant effects on 
the bubble formation, but it has an appreciable effect in impeding the flow of gas into 
the bubble. Fountain (1988) stated that the weak influence of gas viscosity determines 
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pressure drop and supply conditions of the gas delivery system and the effect is only 
significant when injecting through long thin tuyeres. 
 
2.1.2.6 Liquid cross flow 
 
Under many circumstances, bubbles are generated within a liquid which is in motion 
across the orientation of the gas injection. This liquid motion results in a drag force on 
the growing bubble, thereby causing earlier bubble detachment and hence the bubble 
diameter is reduced. The generation of the increased interfacial area and the improved 
boundary transport both contribute to larger mass transfer coefficient KL a (Ghosh and 
Ulbrecht, 1989). Stich and Bahr (1979) studied the effect of liquid cross-flow on 
bubble formation at submerged orifices experimentally, and proposed an empirical 
correlation for final bubble radius a in terms of gas flow rate Q and liquid-cross 
velocity Ul: 


















Qa                    (2.5) 
Marshall et al. (1993) investigated the liquid motion effect on bubble formation 
experimentally and theoretically and stated that the primary bubble growth is 
controlled by liquid inertia forces and by the dynamics of gas flow from the supply 
chamber into the bubble. Liquid inertia forces depend on radial velocity and 
acceleration of the gas-liquid interface, liquid velocity and relative velocity between 
bubble and liquid.  
 
Forrester and Rielly (1998) conducted an experimental study of gas bubble formation 
from a submerged orifice on a cylindrical, flat or concave blade section exposed to a 
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strong liquid cross-flow. In their study, the effects of gas velocity through the orifice, 
liquid cross-flow velocity and blade configuration on the mode of bubble formation 
and bubble size at detachment were investigated.  
 
Tan, Chen and Tan (2000) developed a non-spherical model for bubble formation at 
an orifice with liquid cross-flow by applying the interface element approach. In this 
model, liquid pressure analysis of each element on the bubble interface and tilting of 
the bubble axis were combined to predict the effect of liquid cross-flow on the bubble 
formation. Model predictions compared well with the experimental results for 
different conditions of gas flow rate, orifice diameter and liquid cross-flow velocity.  
 
More recently, Zhang and Tan (2003) investigated the influence of liquid cross-flow 
velocity on bubble formation, especially on liquid weeping, experimentally and 
theoretically. Their spherical theoretical model predicts bubble frequency and 
weeping rate at a submerged orifice with liquid cross-flow and the calculated values 
were found to be in good agreement with experimental data. 
 
2.1.2.7 Static system pressure 
 
La Nauze and Harris (1974) were among the first to investigate the effect of elevated 
system pressure on submerged gas injection. They found that the bubble size 
decreases significantly with the increase of the system pressure, especially at high gas 
flow rates. The relationship between bubble volume and gas flow rate becomes non-
linear at higher system pressures (Fig. 2.3). La Nauze and Harris (1974) also found 
that higher pressures affected the coalescence behavior between successive bubbles 
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for a given gas flow rate. The increased gas momentum due to the higher system 
pressure leads to a smaller bubble volume and hence reduces the time delay between 
individual bubbles. Fig. 2.4 compares transition of bubbling regions under different 
system pressure for orifice diameter 4.8 mm and 3.2 mm. Tan and Harris (1986) 
proposed a non-spherical mathematical model to simulate delayed bubble growth, 
bubble volume oscillations and delayed release for a wide range of orifice sizes, gas 
flow rates and gas chamber volume. Computed results showed very good agreement 




Figure 2.3 Bubble volume vs. gas flowrate for five system pressures (adapted from La 
Nauze and Harris, 1974)  
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Figure 2.4 Transition of bubbling regimes under different pressure systems for orifice 





Wilkinson and Dierendonck (1990) stated that the influence of both pressure and gas 
molecular weight on the bubble formation had same cause. The effect of pressure on 
the bubble size could be explained by the decrease in bubble stability with increasing 
gas density.   
 
Tsuge, Nakajima and Terasaka (1992) studied effect of system pressure under the 
conditions of gas chamber volume 12.8 cm3, orifice diameter 1.18 mm and gas 
chamber volume 368 cm3, orifice diameter 1.48 mm respectively. They found that 
bubble volumes decrease with increase in system pressure, both experimentally and 
theoretically.  
 
2.1.3 Mathematical Modeling 
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This subsection will briefly review the development of the mathematical modeling for 
bubble formation at a single submerged orifice. Those models are mainly divided into 
two parts: spherical models and non-spherical models.  
 
2.1.3.1 Spherical models 
 
Numerous similar mathematical models have been proposed to simulate bubble 
growth and detachment, assuming bubble is spherical throughout its formation and 
there is no wake pressure exerted by previous bubbles. Davidson and Schüler (1960a) 
were among the first to develop spherical models for bubble fromation. They 
suggested that the calculation of the bubble volume can be achieved by assuming that 
the orifice acts as a point source and the governing parameter for the bubble motion 
and position are viscous, inertia and buoyancy forces. Two distinct cases, namely 
constant gas flow rate condition and constant supply pressure condition were taken 
into account for the prediction of the bubble volume. Viscosity, gas flow rate, liquid 
density, surface tension and gas density were important parameters and the results 
were in agreement with physical model predictions. Davison and Schüler (1960b) also 
developed a mathematical model to predict bubble volume for inviscid liquids. An 
expression was derived for describing the upward motion of the bubble as follows: 
                                            )(
16
11
orborBB sVsVgV &&&& +=                                               (2.6) 
where sor is the vertical distance of the center of the bubble from the orifice.  
 
Kupferberg and Jameson (1969) proposed a numerical model for bubble formation 
above an orifice by dividing bubble formation into three states: growing stage, 
elongating stage and waiting stage. Potential flow theory was employed to derive 
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equations for the radial expansion and dynamic pressure for assuming stage of bubble 
formation period.  
 
La Nauze and Harris (1972) took into account the effects of elevated system pressures 
on carbon dioxide injection into water by including terms of gas momentum and 
liquid inertia. This mathematical model covered a wide range of system pressures 
between 10 MPa and 2.17 MPa and was in good agreement the experimental results. 
 
Miyahara et al. (1988) later expanded the investigation to non-Newtonian liquids and 
highly viscous Newtonian liquids using an extended two-stage bubble formation 
model. The predicted bubble volumes compare satisfactorily with the experimental 
data over a range of parameters of power law liquid (m < 8 Pa/s, 0.95 > n > 0.57) and 
viscosities of Newtonian liquids (5.05 Pa·s > lµ > 0.439 Pa·s). m, n and lµ  represent 
power law coefficient, power law exponent and liquid viscosity respectively. 
 
All the spherical models have inherent limitations because a sphere does not perfectly 
represent the bubble shape during the entire formation process. Experimental results 
for bubble shapes at high gas flow rates and high pressures have shown considerable 
deviations from the spherical shape.  
 
2.1.3.3 Non-spherical models 
 
Non-spherical mathematical models make the simulation of the bubble formation 
process more realistic as compared with spherical models. Marmur and Rubin (1976) 
first proposed a theoretical model to predict bubble volumes by dividing the bubble 
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interface into finite differential elements. Assuming that the momentum of the liquid 
may be calculated using the “added mass” concept and the velocity of the interface, 
Marmur and Rubin (1976) analyzed the forces causing the movement of the interface 
and calculated the gas pressure within the bubble and in the chamber beneath the 
orifice plate via thermodynamic equations. Predicted bubble shapes and bubble 
volumes showed generally good agreements with the experimental results 
photographic under similar experimental conditions. However, neglect of the 
contribution of the gas momentum and liquid circulation around the bubble, along 
with the using of empirical added mass coefficient, has been the main criticism of this 
non-spherical numerical model. 
 
The model of Pinczewski (1981) accounted for the effect of gas momentum by 
assuming that the flow field inside the growing bubble is in the form of a circulating 
toroidal vortex. The modified Rayleigh equation of motion for a spherically 
expanding bubble was employed to describe the initial expansion stage. Although this 
non-spherical model was able to estimate bubble shapes and volumes, the 
inconsistency between the use of a spherical equation of motion and the description of 
a non-spherical bubble growth has been apparent (Tan and Harris, 1986). 
 
The model of Tan and Harris (1986) extended the interfacial element approach by 
taking into account the gas kinetic energy and liquid circulation around the bubble as 
well as the effect of necking of the bubble surface. Tan and Harris (1986) compared 
their model simulations with air-water systems and found agreement with the data of 
La Nauze and Harris (1972) for system pressures between 0.10 MPa and 2.17 MPa 
using a carbon dioxide-water combination. 
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Zughbi et. al. (1983) and Hooper (1986) used rigorous numerical solution of the 
liquid flow field around the bubble to model bubble formation. The model of Zughbi 
et. al. (1984) is based on the Marker and Cell (MAC) technique, while Hopper (1986) 
solved for liquid motion by the boundary element method. Both models are able to 
account for surface and solid-wall effects and showed reasonable agreement with the 
experimental results. However, these models using rigorous numerical solution are 
computationally intensive. Moreover, neglect of the effect of gas momentum, wake 
pressure, and surface tension are major inadequacies. 
 
2.2 Bubble formation at multiple orifices 
 
Relatively few studies have addressed the case of multiple orifices as an extension of 
single orifice bubble formation. 
 
2.2.1 Experimental studies 
 
As one of the earliest researchers on bubble formation at multiple orifices, Brown 
(1958) reported his preliminary investigation on the multi-orifice bubbling and 
weeping. The effect of the chamber volume ranged from 1500 cm3 to 4300 cm3 and 
orifice numbers 1, 3, 7, 29 were studied respectively. This study pointed out that the 
ratio between the chamber volume and the number of orifices was a correlating 
parameter for bubble formation at multiple orifices. It was also found that this 
parameter only affects the bubble formation at very low gas flow rates, which was 
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probably due to the adjacent orifices blocking the liquid flow with their rising column 
of gas.  
 
Titomanlio, Rizzo and Acierno (1974) experimentally studied bubble volumes for 
two-orifice bubbling of nitrogen into water system.  The orifice diameter was 0.15 cm. 
Data were taken when both orifices were working simultaneously. They found that 
the bubble size generated at single orifice approximates that of simultaneous bubbles 
at two orifices with double the gas chamber volume and double the gas flow rate. Fig. 
2.5 (left) compares the bubble volume versus the gas flowrate for different chamber 
volumes. They also compared the bubble volume versus the ratio between the volume 
of the gas chamber and the orifice number for two different pitch value of 0.5 cm and 
1 cm (Fig. 2.5 (right)) and found that by increasing the pitch, the bubble volume 
decreases and the foregoing conclusion was improved considerably. 
 
Miyahara et al. (1983) investigated the size of bubbles generated from a perforated 
plate experimentally. For single orifice bubbling, gas chamber volume plays a very 
important role for determining bubble volumes and frequencies. However, for the 
bubble formation at multiple orifices, the effect of this parameter weakens as the 
number of orifices is increased, and disappears when there were more than 15 
orifices.   
 
Ruzicka et al. (2000) investigated bubble formation at two orifices and identified two 
types of bubbling modes, namely synchronous mode and asynchronous mode, by 
means of analysis of pressure fluctuations in the gas chamber. When the synchronous 
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Figure 2.5 Bubble volume vs. gas flowrate (left) and bubble volumes vs. the ratio 
between gas chamber volume and orifice number. ( ♦, chamber volume 215 cm3, 
single orifice; ▲, chamber volume 415 cm3, two orifices; ◊,  chamber volume 415 cm3, 
single orifice; ∆, chamber volume 785 cm3, two orifices; ▼, single orifice, pitch 0.5 
cm;▽, single orifice, pitch 0.5 cm; ■, two orifices, pitch 1 cm; □, two orifices, pitch 
0.5 cm (adapted from Titomanlio, Rizzo and Acierno (1974)) 
 
 
mode occurs, both orifices work simultaneously and exactly in phase and the bubbles 
formed from two orifices are approximately same sizes. In the asynchronous mode, 
one of orifices either does not work at all or is shifted in phase. From the pressure 
fluctuation signals, the signal amplitude of asynchronous modes is almost half of the 
amplitude of synchronous modes. Ruzicka et al. (2000) found two stable synchronous 
bubbling regimes occurring at low (Q < 2 cm3/s) and high (Q > 10 cm3/s) gas flow 
rates. In the transition region between gas flow rate of 2 cm3/s to 10 cm3/s, a wide 
range of asynchronous regimes along with the jetting modes at higher at flow rates 
were observed. Furthermore, parameters such as orifice spacing, water height, and 
column diameter were found to influence the stability of synchronous regime.  
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Ruzicka et al. (1999) investigated bubble formation at three to thirteen orifices, and 
found more types of bubbling modes based on various plate configurations. A general 
trend for all configurations was found: with the increase of gas flow rate Q, individual 
orifices begin to work, later others join them in alternating modes, then pass through 
various synchronous regimes, finally ending up in the jetting mode. Spacing between 
two orifices plays a key role and the effect of column walls is significant for adjacent 
orifices.  
 
2.2.2 Theoretical development 
 
McCann (1969) studied the formation of bubbles placed in a line of five orifices with 
2.3 cm spacing. Bubble interaction was found to be significant at high gas chamber 
volumes, which causes frequencies to be less than the single bubble equivalent, while 
at low gas chamber volumes, bubbling became more complicated. A random bubbling 
process was observed where either all holes bubbled or only some bubbled. McCann 
(1969) also developed a mathematical model to predict bubble frequencies. In this 
model, the effect of interaction between adjacent bubbles was taken into account by 
considering the motion of the liquid between a bubble and its immediate neighbor. 
The altered velocity potential then was estimated theoretically.  The results showed 
that bubble frequency depends on the total chamber volume, but the model did not 
appear to work well for other orifice configurations. 
 
Kupferberg and Jameson (1970) focus their studies on the chamber pressure 
fluctuation under a multi-orifice plate, assuming that there is negligible interaction 
between neighboring bubbles during formation. The orifice diameter ranged from 3.2 
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mm to 6.4 mm and the orifice number was set as 7 and 19 for two different plates with 
a triangular pitch of 19 mm. Similarly with McCann (1969), the chamber volume 
associated with each orifice was treated as the total chamber volume divided by the 
total number of orifices. It was shown that the plate pressure loss and the hydrostatic 
loss due to the elevation of the centre of the bubble in the liquid are the most 
important pressure components. The mean chamber pressure may be less than the 
hydrostatic pressure at the orifice because of the loss of hydrostatic pressure, thus 




Bubble formation at a single orifice has been extensively studied in recent decades. 
Physical factors including gas chamber volume, orifice diameter, liquid depth, liquid 
and gas properties and system pressure could have influence on the bubble formation. 
This chapter reviews all these physical factors by evaluating related literature 
focusing on these parameters. In addition, this review also concerns liquid cross-flow, 
a phenomenon commonly observed in the industrial gas-liquid distributor. 
 
Mathematical models for single orifice bubble formation have also been widely 
developed by some researchers. To date, two main types of models, spherical and 
non-spherical models have been proposed to predict the bubble frequency, bubble 
size, bubble shape or gas chamber pressure. The calculated results were found to be in 
good agreement with the experimental results for most of mathematical models. 
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As compared with single orifice bubble formation, the case of multiple orifices has 
been addressed only by few studies. Only several experimental studies have been 
undertaken on this subject and almost no mathematical models concern it. In the 
present study, we intend to explore the phenomenon of bubble formation at multiple 
orifices (two to six) so that we may increase our fundamental understanding of this 
important subject.   
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CHAPTER 3     MODEL DESCRIPTION 
 
 
Bubble formation at multiple orifices involves a series of complex phenomena, and it 
would be premature to attempt the development of a rigorous mathematical model at this 
time. For the present study, we propose a simple extension of an existing theoretical 
model developed by Zhang and Tan (2000). 
 
This model is based on spherically-symmetrical expressions of liquid potential flow, and 
accounts for gas chamber pressure fluctuations as well as liquid wake pressures caused 
by preceding bubbles. The model also predicts the magnitude of liquid weeping through 




The schematic diagram of the physical system (taking an example of two orifices) is 
shown in Fig 3.1. The primary assumptions of the model are: 
 
1. Bubbles are assumed to remain spherical during formation and deform into 
spherical-cap bubbles after detachment. Although the assumption is physically 
restrictive, however, it nevertheless allows us to develop relatively simple models 
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to model the liquid pressure around a growing bubble at the orifice by using 













                            Figure 3.1 Schematic diagram of physical system 
 
2. A detached and rising bubble is assumed to exert a wake pressure on the 
subsequent bubble forming at the orifice. However, a following bubble has no 
effect on velocity or shape of the preceding bubble. 
 
3. The gas is an ideal and compressible, following an adiabatic equation of state. 
Heat and mass transfer between the gas and liquid are not considered. 
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4. At any particular instant, the orifice experiences either upward gas flow (referred 
to as bubbling), or no flow of either phase (referred to as waiting). At any instant, 
the orifice only shows one of these two types of flow. 
 
5. The liquid above the plate remains stagnant except the motion caused by bubble 
translation and rising. 
 
6. The bubbling at the orifices is synchronous (i.e. in phase). 
 
7. The side-by-side interaction of adjacent bubbles is not included in the modeling. 
 
3.2 Bubble frequency f 
 
The model assumes that the bubble grows from an initial hemisphere to the complete 
spherical bubble until detachment. This period is defined as formation time ft . After 
bubble detachment, the pressure in the gas chamber will accumulate due to the 
continuous input of gas until the next hemispherical bubble appears. The time between 
detachment of the former bubble and growing of the next bubble is defined as waiting 
time ( wt ). Thus the bubble formation period equals to the sum of ft and wt . Bubble 
formation frequency is the inverse number of the period. The frequency here corresponds 
to the number of generated bubbles per phase 
                                         
wf tt
f +=
1 .                                                                     (3.1) 
Fig. 3.2 shows a typical pressure fluctuation during one bubbling cycle. 
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Figure 3.2 Typical gas chamber pressure vs. time for a bubble formation period 
 
3.3 Average gas velocity through each orifice Vg 
 
The value of mean bubble volume is given as follows: 




B = ,                                                                        (3.2) 
where orN is the number of orifices. The average gas velocity through each orifice is 
obtained by dividing the gas flow rate by the total area of orifices. 




g = ,                                                                      (3.3) 
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3.4 Gas chamber pressure Pc 
 
The pressure in the gas chamber, cP , plays a significant role in determining bubble size 
and frequency. Following Zhang and Tan (2000) we apply an energy balance on the 
chamber and assume adiabatic and reversible conditions to obtain  
)( qNQPPV orccc −= γ& .                                                          (3.4) 
The term qN or represents the synchronous transient gas flow through orifices and γ is the 
adiabatic exponent for the gas.  
 
Gas flow through each orifice is determined by the following orifice equation 
                                             bcbB PPkdt
dV −= ,                                                           (3.5) 
where Ggb Crk ρπ /220= and 0' /25.1 rbfCG +=  (Miyahara & Takahashi, 1984), 'f is 
the fanning friction factor.  
Following Zhang and Tan (2000), the transient bubble pressure, bP , and the liquid 
pressure at the orifice, orP , can be calculated by applying potential flow analysis for the 
surrounding liquid. In general, this allows the numerical evaluation of BV  at each time 
step using eqns. (3.4) and (3.5).  
 
 Bubbles detach from the orifice if cor PP ≥ , which includes a criterion for necking 
(Zhang and Tan, 2000). After detachment, the waiting period starts and the pressure in 
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the chamber will accumulate due to the continuous input of gas but no outflow of gas 
from chamber. The chamber pressure during the waiting time is derived from eqn. (4) 
under the condition q=0: 
                                  DETc
c
c PQTV
P ,lnln += γ                                                         (3.6) 
 
Zhang and Tan (2000) calculate a wake pressure at the orifice, woP ,  based on the rising 
velocity of a spherical cap bubble. With the accumulation of chamber pressure during the 
waiting period, the next bubble cycle will be initiated once the instantaneous pressure 
difference between chamber and orifice can overcome the effect of surface tension and 
wake pressure, which enables us to calculate the waiting time ( wt ) from eqn. (3.6).  
 
Thus, with initial conditions ( ),0(2)0()0( wo
o
bc Pr
PPP ++== ∞ σ ,0)0()0()0( === orsUq  
and ora = ), the entire bubble formation and waiting cycle ( wf tt + ) can be calculated 
theoretically using a standard Runge-Kutta-Verner fifth and sixth order method.  U is the 
bubble vertical rising velocity, ors  is the perpendicular distance between bubble center 
and orifice (Fig. 3.1) and
dt
dsU = . 
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CHAPTER 4     EXPERIMENTAL WORK 
 
 
The experimental apparatus was set up to visualize bubble formation in the liquid through 
multiple orifices and to record pressure fluctuations in the gas chamber. Various key 
operating parameters could be varied to study their effect on bubble frequency and 
synchronicity.  
 
Section 4.1 of this chapter will describe the essential features of the experimental 
apparatus used in this work, including bubble column, gas chamber, orifice insert, orifice 
plates and gas supply system. Measurement techniques, consisting of dynamic pressure 
transducer and high-speed video camera, will be introduced in the section 4.2. Finally, 
experimental conditions and procedures will be summarized in the last part of this 
chapter, section 4.3. 
 
 
4.1 Experimental apparatus 
 
 
Fig. 4.1 shows the schematic diagram of the experimental apparatus. It consists of a large 
cylinder as the bubble column, the orifice insert, and a cylindrical gas chamber volume. 
Purified air from the compressed gas cylinder was introduced into the gas chamber. Air 
gas flow rate was controlled by means of three gas flow meters with various ranges. A 
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high-speed video camera was used to visually observe bubble formation and a pressure 













Figure 4.1 Experimental set-up (1.Gas cylinder, 2. Gas flow meters, 3. Gas chamber,  
4. Bubble column,  5. Pressure transducer,   6. Gas inlet,  7. Read out computer,  
8. High-speed video camera,  9. Valves) 
 
 
4.1.1 Bubble column  
 
The bubble column, designed conveniently for visual and photographical observations, 
was located above the orifice insert and the gas chamber. The cylindrical bubbling 










                                                                                                                             Experimental Work 
 37
diameter and 470 mm height. This design made gas injection point sufficiently distant 
from the walls of the bubble column. Moreover, the maximum bubble size in the 
experiment was only 5 mm, so the interaction between bubbles and the walls of the 
column was considered to be negligible. The column was open to atmosphere at the top 
and from which water could be introduced into the column so that various liquid depths 
H could be achieved.  
 
4.1.2 Gas chamber  
 
The gas chamber volume, also made of 5 mm thickness Plexiglas®, was located right 
below the plate insert. Two cylindrical gas chambers with different dimensions were 
utilized during the experiment in order to achieve different gas chamber volumes.  One of 
the gas chambers was designed into the dimension I.D. 100 mm × 30 mm and another gas 
chamber had dimension of I.D. 60 mm × 30 mm. The volume of the gas chamber could be 
varied from 260 cm3 to 970 3cm  by filling it partially with water without water entering 
the transducer or gas injection lines. The pressure transducer port and gas inlet port were 
located at the upper part of the gas chamber volume at an angle of 90 degrees to each 
other. A drain valve was placed at the bottom of the gas chamber for the removal of 
liquid through it. 
 
In order to achieve an air tight seal, all gaps such as between the tray and the column, and 
the orifice plug and the tray, were sealed tightly by using O-rings.  
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4.1.3 Orifice insert  
 
An interchangeable orifice insert between the bubble column and gas chamber volume 
allows various orifice plates to be investigated. It comprised a base flange, supported 


















The base flange with eight bolts allowed bubble column, orifice insert and gas chamber 
to be connected. A Perspex plate with diameter 121 mm and height 31 mm was designed 
to support various orifice plates used in the experiment. With this design, the point of 
injection occurred in a relatively quiescent region so that the influence of bulk liquid 
circulation effects on bubble formation could be reduced. Moreover, the raised section of 
the orifice insert enabled bubbles forming at the orifice to be clearly captured with the 
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high speed camera. A removable thin plate was fastened carefully to the supported 
Perspex plate by three M4 bolts to avoid gas leakage. 
 
4.1.4 Orifice plate 
 
Orifice plates were made of 1 mm thick stainless steel. The orifice was reamed carefully 
to assure no burrs and other imperfections and was confirmed to be uniformly circular. 
Orifice diameters used were1.6 mm. The number of the orifice was ranged from two to 
six and different configurations were investigated for each orifice number. For two-
orifice plates, two holes were placed symmetrically to the center with spacing of 1 cm, 2 
cm, 3 cm and 4 cm respectively. For the other plates with more than two orifices, holes 
were arranged symmetrically around a central circle with diameter 4 cm.  
 
4.1.5 Gas supply system 
 
The gas supply system comprised a high-pressure gas cylinder, pressure regulator, 
rotameters and other ancillary apparatus.  Purified air from the compressed gas cylinder 
was introduced into the gas chamber. Three rotameters (Tokyo Keiso, Japan), covering 
the range of flow rates 0.08 - 0.83 cm3/s, 0.5 - 5.0 cm3/s and 3.3 - 33 cm3/s respectively, 
were connected in parallel to control the air flow rate into the gas chamber. In order to 
ensure a smooth flow, the upstream pressure maintained at a value was higher than the 
chamber pressure. Therefore the gas flow rates indicated by the rotameter should be 
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converted to standard conditions as shown in Appendix A. The gas temperature was 
between 20 and 25 oC.  
 
4.2 Measurement techniques 
 
4.2.1 Dynamic pressure transducer 
 
Pressure fluctuations during bubble formation in the gas chamber were recorded by 
Microphone ICP Pressure Sensor (Model 106B50, PCB PIEZOTRONICS). The series 
106B microphones feature high-sensitivity (output: 72.9 mv/KPa), acceleration-
compensated quartz pressure elements coupled to built-in integrated circuit impedance 
converting amplifiers. It is designed to measure pressure perturbations in air or in fluids 
under severe conditions.   
 
Fig. 4.3 shows the sketch of the pressure transducer system. The pressure transducer was 
mounted flush to the chamber wall, and was powered by a signal conditioner (model 
482A06, single channel, PIEZOTRONICS). The analog output signal from the signal 
conditioner was feed into the computer through a 12-bit ADC (analog digital converter, 
PICO). The ADC-12 converter was connected to the printer port of computer. Its 
measurement range was between 0 and 5 Volt. Collected data was analyzed by a driving 
software installed in the computer. Bubble frequencies were determined by Fourier 
transform of the pressure-time series data.  
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An important consideration in positioning the pressure tapping in the chamber was its 
placement relative to the gas injection port. Placing it at 90 degrees to the injection port 








4.2.2 High-speed video camera 
 
High speed images were recorded during the experiments in order to verify the link 
between pressure transducer fluctuations and actual physical dynamics of the system. The 
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this purpose (Fig. 4.4). It composed of a FASTCAM-PCI camera head, a zoom lens, and 
a control PCI board, connecting with the computer. The key features of the system are 
250 full frames recorded at 512 x 480 resolutions and with a maximum recording rate of 
10,000 frames per second. A motion analysis software, namely MotionPlus, was installed 




Figure 4.4 High-speed video camera system 
 
 
The camera was placed at the same vertical level of the injection orifice and 1.5 m from 
the bubbling column. Two 1000 W fan-cooled halogen lamps angled 45 degrees to each 
FASTCAM-PCI Imager 
C Mount Zoom Lens 
Camera Connector 
Camera Cable (6m) 
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front side of bubble column illuminated the experimental rig, with a white board reflector 
placed behind the bubbling column to get balanced lighting during picture recording. 
 
The shutter speed was used to freeze the motion so as to reduce motion blur. By 
controlling the camera shutter speed and exposure time, we can get a sharp image. The 
operation of the high speed camera equipment was straightforward and film loading, lens 
focusing and other adjustments of the equipment was verified prior to each run according 
to the manufacturers' instructions. Fig 4.5 displays a typical frame the high speed image 
for bubble formation at a two-orifice plate. 
 
 
Fig. 4.5 Typical high-speed frame for bubble formation at a two-orifice plate 
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4.3 Experimental conditions and procedures 
 
The physical properties of air and water are shown in Table 4.1. Table 4.2 lists the 
important parameters for the study of bubble formation, including gas injection rate, gas 
chamber volume, liquid height and orifice number etc. Among these parameters, the gas 
flow rate into the gas chamber volume was the control parameter during the experiment. 
The operating conditions were selected to ensure that the independent influence of 
parameters was being investigated as opposed to their combined influence.  
 
 
Table 4.1 Physical properties of air and water at standard conditions (20°C, 1 atm) 
 
 Filtered Tap Water Purified Air 
Density (ρ) 998.9 kg/m3 1.3 kg/m3 
Viscosity (µ) 1.0×10-3 Pa ⋅ s 1.8×10-5 Pa ⋅ s 
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Table 4.2 Experimental conditions 
 
System Air-Water 
Atmosphere Pressure 742.0 mmHg 
Air/Water Temperature 20.0∼25.0 °C 
Over Pressure of Air Source Over 
Chamber Pressure (Gauge) 0.5∼2.0 bar 
Average Gas Velocity Through 
Orifice 0.0 ∼ 5.0 m/s 
Liquid Depth 10.0∼30.0 cm 
Chamber Volume 260.0 cm3∼970.0 cm3 
Orifice Plate Material Stainless steel brass 
Orifice Plate Thickness 1.0 mm 
Orifice Number 2, 3, 4, 6 
Orifice Diameter 1.6mm 
Spacing of two-orifice plates 1cm~4cm 
 
 
The experimental steps were done as follows for each run: 
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1. Screw the interchangeable orifice plate onto the supported plate, which 
was fixed onto the orifice insert. Attach the bubble column, orifice insert 
and gas chamber together by tightening the bolts. Before locating the 
pressure transducer on the port and connecting the gas pipe with the gas 
chamber, introduce water into the gas chamber to achieve specific gas 
chamber volume. 
 
2. Open the gas valve of compressed air cylinder and regulate the outlet 
pressure (i.e. rotameter inlet pressure, generally 0.5 bar overpressure 
(gauge)). Then the air was fed into the gas chamber which was in turn fed 
into the upper bubbling column through the orifice plate.  
        
 
3. Introduce the tap water into the bubbling column through a rubber hose 
with a predominant gas flow rate. When the water level in the bubbling 
column was about to approach the value to be set, change gas flow rate 
into a lower value so that the liquid surface fluctuations would be reduced 
and the liquid lever would be stable to be read out accurately.  If the gas 
flow rate was too small, weeping could be significant and result in an 
unstable liquid level.   
 
4. Adjust the gas flow rate after the desired liquid level was obtained and the 
experimental data were collected for the specified operating conditions. 
Care should be taken to ensure that the air pressure and flow rate were 
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stable at all times during the experimental run and time was needed to 
attain steady state for each sampling point.  
 
5. Activate the high-speed video recorder to record bubble formation 
behavior. Pressure fluctuation in the gas chamber was also recorded at 
specified conditions, from which bubble frequency and fluctuation 
amplitude can be obtained.   
 
In order to confirm that experimental results of bubble frequency were reliable, most of 
the experiments were done in triplicate. Chapter 5 will show the results of reproducibility 
of mean frequency.  
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CHAPTER 5     RESULTS AND DISCUSSIONS 
 
 
This chapter discusses the results of our investigation into bubbling modes and 
frequency, and the factors which influence them.  
 
Section 5.1 will compare the different bubbling modes for two-orifice bubbling by means 
of visualization, pressure fluctuations in the gas chamber and Fast Fourier Transform 
results. In section 5.2, effects of bubbling conditions on bubbling synchronicity and 
frequency will be discussed. Bubbling conditions will cover orifice spacing, liquid depth 
and chamber volume. Section 5.3 will present the result of reproducibility of 
experimental data, followed by the measurement of the bubbling synchronicity in section 
5.4.  The comparison between model predictions and experimental results will be 
outlined in section 5.5.  
 
5.1 Bubbling modes at two orifices  
 
By analysis of chamber pressure fluctuation signals and visual images from a high-speed 
video camera, as well as the results of Fast Fourier Transform, three distinct modes, 
namely, synchronous bubbling, alternate bubbling and unsteady bubbling were observed. 
Experiments were carried out at the following conditions in a two-orifice bubbling set-up: 
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Vc = 480 cm3, H = 30 cm, d0 = 1.6 mm, s = 1 cm with gas flow rates varying from about 
0.83 to 8.3 ./3 scm  
 
Synchronous bubbling: A region of steady, synchronous bubbling begins at very low gas 
flow rates, up to about 2.5 ./3 scm  Bubbles are formed simultaneously through both 
orifices at a regular frequency and amplitude.  Bubbles generated from both orifices are 
observed to be the same.  
 
Alternate bubbling: As the gas flow rate is increased above 2.5 scm /3 , the bubbling 
becomes less steady and the proportion of synchronous bubbling decreases. Periods of 
synchronous bubbling are interspersed with alternate bubbling, during which only one of 
two orifices is bubbling at a particular instant of time. 
 
Unsteady bubbling: With further increase in gas flow rate to 3.8=Q scm /3 , the visual 
pattern of bubbling becomes very chaotic, and characterized by rapid multiple bubble 
formation at one or both orifices. This is represented by occasions of   low amplitude, 




Fig. 5.1(a)-(c) show the high-speed images for gas flow rates =Q 2.5 ,/3 scm  
=Q 4.2 scm /3  and =Q 8.3 scm /3  respectively under the experimental conditions 
mentioned above. Bubble formation process at a submerged orifice was visualized 
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through FASTCAM-PCI High-Speed Video Camera System (PHOTRONTM), capable of 
250 frames per second. In the Fig. 5.1(a)-(c), the time step between any two images was 
set as 20 ms. 
 
The images clearly illustrate the cycle of bubble formation, which comprises bubble 
formation time and waiting time. It is observed that each bubble starts to grow from a 
hemisphere, and then is inflated due to gas flow from the gas chamber. When the bubble 
detaches from the orifice, the bubble formation period ends and the bubble waiting period 
starts. The waiting time (tw) depends on orifice diameter, chamber volume and gas flow 
rates. For smaller orifices (higher surface tension force) and lower gas flow rates, waiting 
occupies a high proportion of the bubble cycle.   
 
5.1.1.1 Synchronous bubbling  
 
Fig. 5.1(a) displays the high-speed image sequence for gas flow rate =Q 2.5 scm /3 . It 
clearly shows the features of synchronous bubbling. Bubbles are generated 
simultaneously from both orifices, and released at the same time from both orifices.  
 
5.1.1.2 Alternate bubbling 
 
As the gas flow rate is increased above 2.5 scm /3 , the bubbling becomes less steady and 
the proportion of synchronous bubbling decreases. Periods of synchronous bubbling are 
interspersed with alternate bubbling, i.e. only one of two orifices is bubbling at a 
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particular instant of time. Fig. 5.1(b) depicts the phenomenon of alternate bubbling at the 
gas flow rate =Q 4.2 scm /3 . 
 
5.1.1.3 Unsteady bubbling 
 
When gas flow rate increased to 8.3 scm /3 , the bubbling became very irregular as 
compared with the synchronous bubbling and alternate bubbling. This phenomenon is 
defined as unsteady bubbling (Fig. 5.1(c)). In the unsteady bubbling mode, bubbles 
generated from either both of two orifices or only one orifice. Bubbles are frequently and 
randomly formed through intermittent bursts. 
 
5.1.2 Chamber pressure fluctuation 
 
Chamber pressure fluctuations during bubble formation were recorded by a sensitive 
dynamic pressure transducer (Model 106B50, PCB PIEZOTRONICS). Each fluctuation 
period corresponds to a bubble formation cycle so that bubble frequency can be obtained. 
Information of amplitude of pressure signal also can be read directly from the diagram.  
 
Fig. 5.2 shows the pressure signal for two-orifice bubbling at Vc = 480 cm3, H = 30 cm, d0 
= 1.6 mm, s = 1 cm. Gas flow rates were 2.5, 4.2 and 8.3 scm /3 respectively, 
corresponding to Fig. 5.2(a), (b) and (c) respectively. The gas chamber pressure 
fluctuations are a revealing record of the bubble formation cycle: bubbles appear close to  
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                                                                                                                                 (c) 
                        20 ms                                    40 ms                                     60 ms 
 
                        80 ms                                   100 ms                                   120 ms 
 
                       140 ms                                   160 ms                                 180 ms 
 
Figure 5.1 High-speed photographic images of bubble formation. Vc = 480 cm3, H = 30 
cm, d0 = 1.6 mm, s = 1 cm and (a) =Q 2.5 scm /3  (b) =Q 4.2 scm /3  (c) =Q 8.3 scm /3  
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the point of highest pressure in the gas chamber, and then pressure in the gas chamber 
decreases while bubbles grow. When the gas chamber pressure reaches the lowest point, 
bubbles detach from the orifice plate.  The time from the highest point to the lowest point 
corresponds to the bubble formation time tf.  After detachment, gas chamber pressure then 
increases due to the accumulation of the gas inlet into the gas chamber until the next 
peak. This period of time corresponds to the waiting time tw. The three bubbling modes 
show distinctly different patterns of pressure fluctuation signals.   
 
5.1.2.1 Synchronous bubbling  
 
Fig. 5.2(a) displays pressure fluctuation signals for synchronous bubbling at the gas flow 
rate of 2.5 scm /3 . Each peak represents one episode of twin bubble detachment. The 
chamber pressure signal consists of peaks with uniform frequency and amplitude. This 
result is consistent with the observation made from high-speed images for the same 
experimental conditions. Under such conditions, we consider that virtually 100% of the 
pressure peaks correspond to synchronous bubbling.  
 
5.1.2.2 Alternate bubbling 
 
This phenomenon can be seen quite clearly in Fig. 5.2(b), where alternate bubbling 
regions are represented by peaks with approximately half the amplitude of synchronous 
bubbling regions. Although the amplitudes of synchronous bubbling regions and alternate 
bubbling regions are remarkably different, there are no significant differences of 
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frequency between these two bubbling modes. By counting the peaks in Fig 5.2(b), it is 
estimated that the proportion of synchronous bubbling is 72%. 
 
5.1.2.3 Unsteady bubbling 
 
Fig. 5.2(c) illustrates the third bubbling mode, unsteady bubbling, at the gas flow rate of 
8.3 scm /3 . It shows that gas chamber pressure fluctuation signals become very chaotic in 
the unsteady bubbling regions. Signal amplitudes in such regions are much smaller that 
those of synchronous bubbling signals and are distributed irregularly. It can be deduced 
that the proportion of synchronous bubbling is low (about 20%). 
 
 























Figure 5.2 Chamber pressure fluctuations: Vc = 480 cm3, H = 30 cm, d0 = 1.6 mm, s = 1 
cm and (a) =Q 2.5 scm /3  (b) =Q 4.2 scm /3  (c) =Q 8.3 scm /3 . Total time = 20 s. 
 
 
5.1.3 Fast Fourier Transform (FFT) results  
 
FFT (Fast Fourier Transform) calculates a logarithmic power spectrum from the raw data, 
the frequency distribution of the signal. FFT analysis of the pressure signals in this work 
can yield information on the dominant bubbling frequencies (Fig. 5.3). Fig. 5.3 shows the 
FFT results corresponding to the signals in Fig. 5.2. The three bubbling modes identified 
earlier show different FFT profiles.  
 
5.1.3.1 Synchronous bubbling 
 
Fig. 5.3(a) shows a very distinct peak at the predominant frequency for 100% 
synchronous flow at Q = 2.5 scm /3 , confirming that virtually all bubbles from both 
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5.1.3.2 Alternate bubbling 
 
FFT analysis (Fig. 5.3(b)) reveals a more spread out profile as compared with 100% 
synchronous flow. Furthermore, a twin peak is discernible, probably indicating that 
synchronous and alternate bubbling regimes are occurring at slightly different 
frequencies.  
 
5.1.3.3 Unsteady bubbling 
 
The corresponding FFT analysis (Fig. 5.3(c)) at gas flow rate 8.3 scm /3  reveals the 
highly chaotic nature of the bubbling process, as no discernible dominant frequency can 



















































Figure 5.3 FFT analysis of chamber pressure fluctuations: Vc = 480 cm3, H = 30 cm, d0 = 
1.6 mm, s = 1 cm and (a) =Q 2.5 scm /3  (b) =Q 4.2 scm /3  (c) =Q 8.3 scm /3 . 
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5.2 Effect of bubbling conditions on bubbling synchronicity and frequency  
 
Bubbling synchronicity is an important factor which affects the mass transfer efficiency 
for bubble formation at multiple orifices. In this section, orifice spacing, liquid depth and 
chamber volume were studied as three main parameters to investigate the effect of bubble 
horizontal interaction, liquid bulk flow and gas chamber on the bubbling synchronicity 
and main frequencies.  
 
5.2.1 Orifice spacing 
 
Figs. 5.4(a) and (b) compare the proportion of synchronous two-orifice bubbling at 
different gas flow rates for two values of orifice spacing:. 1S  and 4S  represent the limits 
of initial synchronous bubbling regions for spacing1 cm and 4 cm respectively.  It is 
apparent that the orifice spacing has a significant effect on the synchronicity of bubbling. 
For widely-spaced orifices, the initial synchronous region extends to a much higher gas 
flow rate. At about Q = 7.2 scm /3  , the proportion of synchronous bubbling decreases 
suddenly, indicating the end of the initial synchronous bubbling region. At a flow rate of 
about 5.11 scm /3 , a point is reached at which the FFT analysis of bubbling frequency 
becomes too chaotic to yield a peak frequency. This point, labeled 4F  in the figure, 
represents the limit of measurability of a regular bubble frequency, and is close to the 
point where unsteady bubbling predominates. 
 
 




Figure 5.4 Percentage of synchronous bubbling versus gas flowrate: Vc = 480 cm3, H = 30 
cm, d0 = 1.6 mm and (a) s = 1 cm; s = 4 cm  
 
 































Gas flow rate (cm3/s)
































Gas flow rate (cm3/s)
                                                                                                                      Results and Discussions 
 62
The proportion of synchronous bubbling for a small orifice spacing of 1 cm shows a 
markedly different pattern (Fig. 5.4(a)). Clearly, the initial synchronous region is smaller, 
with 1S occurring at about 5.2=Q ./3 scm  Above this flowrate, the trend of % 
synchronous bubbling is generally decreasing with increasing flowrate until at about 
7.8=Q scm /3  ( 1F ), the limit of frequency measurability occurs. However, the region 
between 1S  and 1F is interspersed with brief and highly reproducible regions of nearly 
100% synchronous bubbling. 
 
In general, the decrease in synchronous bubbling for the 1 cm orifice spacing compared 
with 4 cm spacing can be explained by the higher bubble-to-bubble interaction and 
likelihood of coalescence in the liquid phase for closely-spaced orifices (Fig. 5.1(c), for s 
=1 cm). Variations in liquid pressure due to coalescence and the turbulent wake behind 
rising bubbles can lead to asymmetrical effects at the orifices, and the onset of 
asynchronous bubbling. Zhang and Tan (2000) have demonstrated the significant impact 
of wake pressure on subsequent bubble formation and weeping at a single orifice.  
 
The interesting phenomenon of distinct regimes of highly synchronous bubbling at 
,2.3=Q  4.7, and 7.2 ,/3 scm as seen in Fig. 5.4(a) could be due to strongly resonant 
fluctuations in the gas chamber. The dimensionless capacitance number cN  for the 
multiple orifices can be expressed as: 
                                       ,/)(4 220 cdNVgN gorcglc ρπγρρ −=                                       (5.1) 
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and used to quantify the chamber volume influence in the multiple-orifice bubbling 
system. The value of Nc in this work is 10.1, lying between the range of intermediate 
conditions and constant pressure condition, according to Tadaki and Maeda (1963). 
Another dimensionless factor, the dimensionless gas flow rate number wN , governs 
bubbling at each orifice and it is defined as: 
                                                            5.0row FBN = ,                                                     (5.2) 
where 0B is Bond number ( σρ /20 gdB lo = ), Fr is Froude number ( gdVF gr 02 /= ) 
(Tsuge and Hibino, 1983). 
 
A calculation of the dimensionless factor ( wc NN / ) at these points yields integral values 
of 5, 3 and 2. This suggests that highly synchronous bubbling may be encouraged when 
the bubbling frequency coincides with a multiple factor of the natural resonating 
frequency of the gas chamber. 
 
Ruzicka et al. (2000) reported observing instances of synchronous bubbling at very low 
( 2< scm /3 ) and relatively high gas flow rate ( 10> scm /3 ), with asynchronous 
bubbling in between.  For their system, values of wc NN /  at 1.7 scm /
3  and 13 scm /3  
were estimated to be 7.9 and 1.0 respectively. It is possible that their observation of 



















Figure 5.5 Bubbling frequency and synchronicity for different orifice spacing: 
3480cmVc = , cmH 30= , mmdo 6.1=  
 
 
Fig.5.5 shows the measured bubbling frequencies for orifice spacing of 1, 2, 3 and 4 cm 
in a two-orifice system. 1S  to 4S  shows the limit of initial synchronous bubbling regions 
for each spacing. Within the purely synchronous region of all four cases, the frequencies 
are almost identical, implying that the orifice spacing has no effect on bubbling frequency 
in synchronous bubbling. One would expect bubble-bubble interaction to be more 
pronounced for a small orifice spacing (say, 1 cm) than for a larger spacing (4 cm). 
Bubble-bubble interactions give rise to liquid pressure variations which result in a greater 
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tendency towards unsteady bubbling. The data supports this view, since the limit of 
synchronous bubbling ( 1S , 2S , etc.) shows an increasing trend as orifice spacing 
increases. 
 
5.2.2 Liquid depth 
 
Fig. 5.6 compares the frequency and synchronicity of two-orifice bubbling with different 
liquid depths of 10 cm and 30 cm. The other system parameters are: Vc = 560 cm3, d0 = 
1.6 mm, s = 4 cm. For gas flow rates up to 3.8=Q scm /3 , the two sets of data are 
largely identical, which confirms the observation reported by numerous other 
investigators that liquid depth has virtually no effect on bubbling frequency (apart from 
very shallow liquid depths equivalent to a few orifice diameters) (Davidson and Amick, 
1956; La Nauze and Harris,1974).  However, the liquid depth can be seen to significantly 
affect the synchronicity of bubbling. For a 30 cm depth, the limit of 100% synchronous 
bubbling ( 30S ) and limit of frequency measurement ( 30F ) occur at 0.5=Q scm /3 and 
3.8=Q scm /3 respectively. In the case of 10cm depth, both 10S  and 10F  are greatly 
increased, to about 20=Q scm /3 .  
 
These observations may be partly explained by the relatively larger number of rising 
bubbles above the orifices in the case of the higher liquid depth. As many as 20 to 25 
bubbles formed a rising chain above the orifices for the 30cm liquid depth at high gas 
flowrates, giving rise to significant pressure fluctuations in their wake. While these 
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transient wake pressures may have little effect on the average bubbling frequency, they 
would profoundly affect the synchronicity. For the smaller liquid depth, the number of 
wake-causing bubbles was much lower owing to the shorter rising time of detached 
bubbles. 
 
Figure 5.6 Bubbling frequency and synchronicity for different liquid depths: Vc = 560 
cm3, d0 = 1.6 mm, s = 4 cm 
 
 
5.3 Reproducibility of experimental data 
 
Fig. 5.7 shows the experimental data of bubble frequency at d0 = 1.6 mm, 30=H  cm, s = 
4 cm and Nor = 2 for gas chamber volume 480 cm3 and 970 cm3. Three runs experimental 
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data were compared for each condition in order to confirm the reliability of experimental 
data. The experiments were repeated after several days rather than immediately. The 
maximum standard deviation is found to be 0.6 s-1, and generally within the expected 
experimental uncertainty.  
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Figure 5.7 Reproducibility of bubble frequency 
 
 
5.4 Measurement of synchronicity 
 
The mathematical model in the work assumes that the bubbling at orifices is 
synchronous. However, we found that this assumption was not always valid for our 
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experimental observations. As described in the foregoing sections, three bubbling modes, 
synchronous bubbling, alternate bubbling and unsteady bubbling were identified.  
 
It is important to measure the proportion of synchronous bubbling region in pressure 
signal series for comparison the mathematical model predictions with experimental data. 
The proportion of synchronicity was calculated by simply counting the sum of time 
proportions of synchronous signals and then dividing this value by the total time period, 
as shown in Section 5.1.2.  
 
Table 5.1 presents the percentage of synchronous signals with chamber volume ( cV ) as a 
parameter. The experiment was carried under the following conditions: Nor = 3, d0 = 1.6 
mm, H  = 30 cm, s = 4 cm, b = 1 mm, system: air-water. It shows different results for 
three chamber volumes. For cV = 260 cm
3, 100% synchronous signals were found at most 
average gas velocities, except that discontinuities in the frequency data appeared from 
0.72 to 1.44 m/s. Bubbling became extremely chaotic above average gas velocity of 4.32 
m/s and the proportion of synchronous signals is under 20%, the critical value defined in 
this work for termination of the bubbling region. The results for the gas chamber volume 
cV = 560 cm
3 shows the similar trend with result of Vc = 480 cm3.  A region of 
asynchronous signals appears from 1.44 to 2.40 m/s. For cV = 970 cm
3, the bubbling 
appears to be more irregular and no 100% synchronous signals were found. Moreover, 
the bubbling region terminated at 2.40 m/s, which is a much lower flowrate as compared 
with the former two cases.  
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Table 5.2 shows the percentage of synchronous signals with orifice number (
orN ) as a 
parameter. Other experimental conditions were set as Vc = 480 cm3, d0 =1.6 mm, H =30 
cm, s = 4cm, b =1 mm, system: air-water. Results for orifice number of 2, 3, 4 and 6 also 
show different amount of asynchronous signals. For bubbling at 6 orifices, 100% 
synchronous signals only occurred at Vg = 0.24 and 1.66 m/s. It appears that 100% 
synchronous bubbling at all orifices is more difficult to achieve when the number of 
orifices increases, which we would expect intuitively.  
 
5.5 Comparison between model predictions and experimental results 
 
5.5.1 Bubbling frequency 
 
Two ways were employed to calculate bubbling frequency in the mathematical model: 
one calculation can be expressed as )/(1 wf tt + , i.e., the inverse of the sum of bubble 
formation time ( ft ), and waiting time ( wt ); another calculation can be expressed as 
))
3
4/(( 3aQ π , i.e.,  the average gas flow rates (Q ) divided by the individual gas bubble 
volume ( 3
3
4 aπ ) . It was found that the two methods generate almost identical results. In 
our mathematical model, we adopted the first method to calculate bubble frequency.  
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This section compares the bubble frequency between the mathematical model predictions 
and the experimental data obtained from spectral analysis of pressure signal from the 
present investigation. Comparisons between the mathematical model and experimental 
data were calculated based on the parameter of the gas chamber volume (Vc ) and the 
number of orifices (Nor) respectively. In addition, the comparison of experimental data 
with model predictions was made to quantify the difference between two groups of 
results. 
  
5.5.1.1 Gas chamber volume 
 
Fig. 5.8 compares the experimental data of bubbling frequency with model predictions 
for the three-orifice bubbling system with different gas chamber volumes. It is clearly 
shown that bubbling frequency increases with increasing of average gas velocity through 
each orifice. For each given average gas velocity, lower chamber volumes give rise to 
higher bubbling frequencies.  
 
The corresponding % of synchronous bubbling for each experimental run is listed in 
Table 5.1.  As mentioned in the foregoing section, discontinuities in the frequency data 
occurred at Vg = 1.1 sm /  for Vc = 260 cm3 and Vg = 1.6 sm /   for Vc = 560 cm3. From the 
photographic and chamber pressure images, it was observed that numerous small 
amplitude, high frequency bubbling bursts occurred at these regions.  
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In general, the model appears to predict the experimental data and trends reasonably well, 
especially in regions of high synchronicity. Near the regions of anomalous high  
 
 
Figure 5.8 Comparison of average gas velocity vs. frequency between model predictions 
and experimental data with chamber volume as a parameter. Nor = 3, d0  =1.6 mm, H = 30 
cm, s = 4 cm, b =1 mm, system: air-water. (– –  – –) Model, Vc = 260 cm3; (——––) 
Model, Vc = 560 cm3; (– ּ –ּ  –) Model, Vc = 970 cm3; (    ○    ) expt., Vc = 260 cm3; (    ●    
) expt., Vc = 560 cm3; (    ◇    ) expt., Vc = 970 cm3 
 
frequency bursts described above, and in the case of the largest chamber volume (Vc = 
970 cm3), the model under-predicts the bubbling frequency. This is expected, as our 
simple model assumed synchronous bubble formation, and these regions showed 
significantly less than 100% synchronous bubbling (Table 5.1).  
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Figure 5.9 Comparison of frequency between model predictions and experimental data 
with orifice number as a parameter. Vc = 480 cm3, d0 = 1.6 mm, H =30 cm, s =4 cm, b =1 
mm, system: air-water. (– ּ –ּ  –) Model, Nor = 2; (– –  – –) Model, Nor = 3; (——––) 
Model, Nor = 4; (ּּּּּּּּּ) Model, Nor = 6;  (     ○    ) expt., Nor = 2; (     ●    ) expt., Nor = 




5.5.1.2 Orifice number 
 
Figs. 5.9 compares the experimental data of bubbling frequency with model predictions 
for different number of orifices, Nor. It can be seen that for the same average gas velocity 
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through each orifice, the bubbling frequency increases with increasing Nor. The 
corresponding % synchronous bubbling at each data point is shown in Table 5.2. It is 
clear that the theoretical model is able to predict the experimental data and trends rather 
well, especially in regions of highly synchronous bubbling.    
 
5.5.1.3 Comparison of experimental and calculated frequencies 
 
Fig. 5.10 compares the frequency value in Fig. 5.8 and Fig. 5.9 between calculations and 
measurements in highly synchronous bubbling regions (above 90%). It can be seen that 
all the fits are good, with almost all the points lying within a range of ±15%. Thereby it is 
clear that the theoretical model is able to predict the experimental data and trends rather 
well, especially in regions of highly synchronous bubbling. 
 
5.5.2 Bubble radius 
 
The predicted average bubble radius and experimental data from the present investigation 
were compared with gas chamber volume (Vc) and orifice number (Nor) as a parameter 
respectively.  Experimental data of bubble radius were obtained indirectly from gas flow 
rates (Q ) divided by bubble frequency and orifice number, by assuming same spherical 
bubble size and synchronous bubbling mode.  
 
 

















Figure 5.10 Measured vs. calculated values of frequency.  d0 = 1.6 mm, H = 30 cm, s = 4 
cm, b = 1 mm, system: air-water.  (    ■    ) Nor = 3, Vc = 260 cm3; (    ●     ) Nor = 3, Vc = 
560 cm3; (     ▲     ) Nor = 3, Vc = 970 cm3; (      □      ) Vc = 480 cm3, Nor = 2; (      ○     ) 





5.5.2.1 Gas chamber volume 
 
Fig. 5.11 compares the average bubble radius between model predictions and 
experimental data with gas chamber as a parameter. It can be noticed that with increasing 



























Calculated Values of Frequency  (s-1)
                                                                                                                      Results and Discussions 
 77
of gas velocity, the detached bubble radius increases. The chamber volume has a small 
but appreciable effect on bubble size; an increase resulting in larger bubbles. Larger 
orifice diameters generate bigger bubble sizes. Our theoretical model is clearly able to 




















Figure 5.11 Comparisons of average bubble radius between model predictions and 
experimental data with chamber volume as a parameter. Nor = 3, d0 =1.6 mm, H = 30 cm, 
s = 4 cm, b = 1 mm, system: air-water. (– –  – –) Model, Vc = 260 cm3; (——––) Model, 
Vc = 560 cm3; (– ּ –ּ  –) Model, Vc = 970 cm3; (    ○    ) expt., Vc = 260 cm3;  (    ●    ) 
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5.5.2.2 Orifice number 
 
Fig. 5.12 compares the average bubble radius between model predictions and 
experimental data with orifice number Nor as a parameter. It is seen that for each given 
orifice number, bubble radius increases with increasing of the average gas velocity. 
While for each given average gas flow rate, average gas input through each orifice 
decreases for higher orifice numbers, leading to a decrease in bubble size at higher Nor. 
 
Figure 5.12 Comparisons of average bubble radius between model predictions and 
experimental data with orifice number as a parameter. Vc = 480 cm3, d0 =1.6mm, H = 30 
cm, s = 4 cm, b = 1 mm, system: air-water. (– ּ –ּ  –) Model, Nor = 2; (– –  – –) Model, 
Nor =3; (——––) Model, Nor = 4; (ּּּּּּּּּ) Model, Nor = 6;  (    ○    ) expt., Nor = 2; (    z    
) expt., Nor = 3; (    △    ) expt., Nor = 4;  (        ) expt., Nor = 6. 
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The experimental results of Titomanlio, Rizzo and Acierno (1974) show that the bubble 
size generated at single orifice approximates that of simultaneous bubbles at two orifices 
with double the gas chamber volume and double the gas flow rate. In our study, it is 
found that at same values of gas velocity through each orifice, the theoretical predictions 
of bubble sizes are equal for one set condition and the condition with double orifice 
number and double gas chamber volume (i.e. the line for Nor = 3 and Vc = 260 cm3 in Fig. 
5.11 and the line for Nor = 6 and Vc = 480 cm3 in Fig. 5.12 are largely identical). In 
addition, our experimental results are consistent with the findings of Titomanlio, Rizzo 
and Acierno (1974). 
 
5.5.3 Calculated gas chamber pressure fluctuations 
 
Fig. 5.13 shows the calculated gas chamber pressure fluctuations during a bubbling cycle  
for gas chamber volumes 480 cm3 and 970 cm3 under the following conditions: d0 = 1.6 
mm, Nor = 2, H = 30 cm, s = 4 cm, b = 1 mm, system: air-water. The gas flow rate Q into 
the gas chamber is 6.0 scm /3 . It can be seen that for each bubbling cycle, the chamber 
pressure increases briefly at the beginning of bubble formation, as a result of gas 
flowrates entering the chamber being higher than the gas flow rate through each orifice q. 
After this short term increase, the gas chamber pressure decreases quickly until the lowest 
point of the cycle, at which bubbles detach from orifices. After bubbles detachment, 
chamber pressure increases linearly until the chamber pressure is high enough to initiate 
the next group of bubbles. For the two chamber volumes, the time of a bubble cycle for 
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480 cm3 is shorter than that of 970 cm3, which means bubble frequency is higher at lower 














Figure 5.13 Calculated gas chamber pressure during a bubbling cycle for chamber 
volume 480 cm3 and 970 cm3.  
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The present investigation of bubble formation at multiple orifices has provided valuable 
information in relation to bubbling behavior under certain experimental conditions. In 
this study, different bubbling regimes for bubble formation at two orifices were clearly 
identified. In addition, a simple mathematical model was developed which enabled the 
prediction of bubbling frequency, bubble size and pressure fluctuations in the gas 




6.1.1 Conclusions from experimental investigations on two-orifice bubbling 
behavior 
 
Bubble formation at two orifices was experimentally studied in this work. Three different 
bubbling regimes were observed and analyzed by means of dynamic pressure transducer, 
which enabled the measurement of pressure fluctuations occurred in the gas chamber 
during the bubble formation. A high video speed camera was employed to obtain the 
instant visualization images for each defined bubbling regime. The effects of orifice 
spacing and liquid depth on bubbling synchronicity and frequency were studied.  
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Conclusions were drawn based on the experimental results as follows: 
 
1. Bubble formation at two orifices can be classified into synchronous, alternate 
and unsteady bubbling regimes. Bubble formation in the three regimes shows 
entirely different results in high-speed images, pressure-time series and FFT 
results.  
 
2. The orifice spacing can affect the bubbling synchronicity via liquid pressure 
effects due to interaction, coalescence and wake pressure of preceding 
bubbles. As an important parameter in bubble formation at multiple orifices, 
the orifice spacing was found not to influence the bubble frequency greatly; 
however, it affects bubbling synchronicity significantly. Smaller orifice 
spacing leads to greater influence on synchronicity, represented by lower 
proportion of synchronous bubbling signals in gas chamber pressure 
fluctuations.   
 
3. The liquid depth also can affect the bubbling synchronicity.  In this study, it 
was found lower liquid depth brings about higher proportion of synchronous 
bubbling, but the liquid depth has insignificant influence on the bubble 
frequency.  
 
6.1.2 Conclusions from mathematical modeling 
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This study proposes a simple mathematical model to calculate bubble frequency, bubble 
radius and pressure fluctuations in the gas chamber in synchronous multi-orifice bubbling. 
Experimental data for bubble frequency and average bubble radius under a variety of 
operating conditions agreed rather well with predictions from a theoretical model for 
bubble formation at multiple orifices, especially when the bubbling regime was highly 
synchronous. 
 
The following summarizes the contributions from this research: 
 
1. Gas flow rate is the most important parameter which affects bubbling frequency 
and bubble size. Higher gas flow rates lead to increasing of bubble frequency, as 
well as larger bubble size.  
 
2. Chamber volume has appreciable effects on bubbling frequency and bubble size. 
For any given average gas velocity through each orifice, larger gas chamber 
volume leads to lower bubbling frequency but larger bubble size. 
 
3. As another important parameter for multi-orifice bubbling, orifice number was 
studied in the work. It was found that for the same average gas velocity through 
each orifice, the bubbling frequency increases with increasing orifice number, 
whilst the bubble size decreases with increasing orifice number.  
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6.2 Recommendations for further study 
 
Recommendations and suggestions arising from this study of multi-orifice bubble 
formation are given as the following.   
 
1. More experimental studies of bubbling synchronicity and bubbling frequency at 
multiple orifices are recommended. Interesting parameters such as orifice size and 
the thickness of the orifice plate may be investigated. This will lead towards the 
study of complex bubbling phenomena such as pairing and double bubbling. 
 
2. The extension of orifice number ( 6>orN  ) should be studied in the future work. 
More complex bubbling modes could be investigated and identified by means of 
analysis of pressure fluctuation signals in the gas chamber. Moreover, the 
comparison between calculated and experimental results for more than 6 orifices 
could be made to prove the current mathematical model.  
 
3. The mathematical model could be extended to simulate bubble formation at 
multiple orifices more comprehensively and accurately. This development would 
entail the consideration of bubble-bubble interactions at adjacent orifices, and the 
influence of column walls.   
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APPENDIX     SAMPLE CALCULATION 
  
 
A.1 Correction of gas volumetric flow rate: 
 
The rotameters used in the experiment had the scale readings calibrated by the 
manufacturer under standard  conditions of air density 1.293 kg/m3,  temperature  of 
20 oC and pressure of 1 atm (absolute). The formula given below was used to correct 
volumetric flowrate for different gas densities, temperature and pressure: 
 
















Gρ                 (A.1) 
 
where Q is corrected volumetric gas flow rates (l/min), 'Q actual reading of 
volumetric gas flow rates (l/min), Gρ  gas density tested (pure air, 1.293 kg/m3), T gas 
temperature (20 oC) and P  gauge pressure in the rotameter. 
 
The unit for volumetric gas flowrates in this project was based on standard conditions. 
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A.2 Sample calculation of average gas velocity through each orifice:  
 
Taking an example of bubbling at two-orifice (Nor=2) with inlet volumetric gas 
flowrate of 0.15 l/min, the sample calculation of average gas velocity through each 
orifice is shown as follows: 
 
(1)  The unit is conversed. 






×=×=                             (A.3) 
 
(2) The average gas velocity through each orifice can be obtained by dividing by 
overall orifice area (e.g. mdo
3106.1 −×= ), then 
 










π                                              (A.4) 
